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Simulationt, to be used in conjunction with the all-atom CHARMM27r force ﬁeld, has been
validated for a series of phosphatidylcholine lipids. The work of Sonne et al. successfully replicated
experimental bulk membrane behaviour for dipalmitoylphosphatidylcholine (DPPC) under the isothermal-
isobaric (NPT) ensemble. Previous studies using the deﬁned CHARMM27r charge set have resulted in lateral
membrane contraction when used in the tensionless NPT ensemble, forcing the lipids to adopt a more
ordered conformation than predicted experimentally. The current study has extended the newly deﬁned
charge set to 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC) and 1-palmitoyl-2-docosahex-
aenoyl-sn-glycero-3-phosphatidylcholine (PDPC). Molecular dynamics simulations were run for each of the
lipids (including DPPC) using both the CHARMM27r charge set and the newly deﬁned modiﬁed charge set. In
all three cases a signiﬁcant improvement was seen in both bulk membrane properties and individual
atomistic effects. Membrane width, area per lipid and the depth of water penetration were all seen to
converge to experimental values. Deuterium order parameters generated with the new charge set showed
increased disorder across the width of the bilayer and reﬂected both results from experiment and similar
simulations run with united atom models. These newly validated models can now ﬁnd use in mixed
biological simulations under the tensionless ensemble without concern for lateral contraction.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
Increasing numbers of membrane-bound protein X-ray structures
have opened the door to biomolecular simulations targeting the full
membrane environment. Only when proteins are simulated in their
native environment can we begin to fully understand the intricate
atomic-scale workings of the cell membrane and its inﬂuence on
biological processes. This task is somewhat daunting but recent
increases in computational power have allowed for increasingly
elaborate simulations. In even the simplest case we must consider
modelling the lipid bilayer as a collection of lipids in various
distributions. Thus, to begin on this monumental task we must ﬁrst
have a validated force ﬁeld for each component in the bilayer.
Lipids have been modelled since the 1980s [1,2] and over the past
two decades a signiﬁcant amount of work has gone into the
construction and validation of both single and multiple component
bilayers [3–5]. Molecular dynamics simulations of lipid systems are
now common place and have been used to explore the physical
properties of pure and mixed bilayers [6–11], protein–lipid interac-inxton, Cambridge, CB10 1SA.
ll rights reserved.tions [12], lipid raft behaviour [13], membrane permeation [14] and
biophysical phenomena [15] in general. It has been proposed by
several groups that protein–lipid interactions are key in regulating
protein functionality [12,16–21], suggesting that the membrane is not
simply a place holder for proteins but an integral part of their function.
This places a greater emphasis on the reliability of simulated
membranes and is reﬂected by the many force ﬁeld validation studies
performed [22–24].
Accurate force ﬁeld parameterisation of lipids is not a trivial task
and is further complicated by the inherent temperature dependent
phase behaviour of lipids [25]. The principal phase in the biological
domain is the liquid-crystal or ﬂuid phase (Lα). In this phase lipids
maintain a disordered conformation allowing for both their own
diffusion and the diffusion of materials through the lipid bilayer. At
lower temperatures most lipids will re-organise to form an ordered
phase referred to as the gel phase (Lβ′). Transition temperatures are
well deﬁned for single component bilayers but can vary greatly in
mixed systems. The dynamic nature of the ﬂuid phase means that
capturing micro- and mesoscale structural detail is experimentally
challenging [25]. Current atomistic imaging techniques rely on the
generation of static structures over which data can be accumulated.
Achieving this without destroying the ﬂuid structure of themembrane
or inducing a phase change is a challenge. It is in this regard that
molecular dynamics hasmuch to offer the ﬁeld of membrane research.
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the validation of new membrane models. While many lipid structures
have been experimentally determined, the means by which this is
achieved can vary from sample to sample. A review by Nagle and
Tristram-Nagle [25] outlines the many techniques which may be used
and illustrates the strengths and weaknesses of each. When choosing
an experimental value for comparison, ideally, a primary experimental
value is used where no assumptions have been made in its
interpretation. Experimental diffraction studies in conjunction with
Fourier transforms can yield electron density proﬁles and structure
factors, both of which represent primary data. However, comparing
simulation data to such experimental quantities is not trivial,
requiring Fourier transform of the atomic electron density [26–28].
A simpliﬁed approachmay be usedwhereby simple secondarymetrics
are extracted for comparison to published experimental values. While
this comparison is not completely rigorous it does yield tangible
atomic level detail which is useful in assessing atom speciﬁc effects in
newly deﬁned force ﬁelds.
Some great successes have been seen in lipid simulation and to a
large extent current force ﬁelds have been validated. However,
progress has mostly been limited to united atom models based on
the GROMOS [29,30] force ﬁeld. Membranes can be reliably simulated
in both single and multiple component systems with this group of
force ﬁelds and a further understanding of membrane behaviour,
beyond that afforded by experiment, has been gained. However, to
gain a full understanding of lipid–protein or lipid–small molecular
interactions a full all-atom force ﬁeld is required. All-atom models
have only been validated under speciﬁc ensembles and have seen
reduced use because of this. Recent studies have shown there to be
certain deﬁciencies in the CHARMM27r force ﬁeld [23] when used to
model lipids under the isothermal-isobaric ensemble (NPT). Under
such conditions individual lipids are seen to adopt an ordered gel
phase conformation rather than the expected disordered ﬂuid phase
[31]. A similar result has been seen using the Amber GAFF [32] force
ﬁeld combinedwith RESP charges [33] under NPTconditions [34]. This
shortcoming has been overcome using either a ﬁxed membrane
surface tension (NPγT) [35,36] or by holding cross-sectional area ﬁxed
(NPAT) [37,38]. These methods constrain the models to an acceptable
area per lipid value in order to reproduce experimentally observed
lipid behaviour. There are several reasons why these constrained
ensembles are undesirable. First, the added strain has implications for
protein dynamics and diffusion studies. Secondly, simulation in either
of these ensembles requires that an accurate area per lipid value be
known. This is not trivial and is further complicated when simulating
mixed lipid systems. Lastly, it has been argued that the surface tensionFig. 1. Lipid structures. All three lipids have the same palmitoyl sn-1 chain. DPPC has a palm
this paper the notation Cx# will be used to describe carbons from both sn chains. For examof ﬂaccid bilayers should be zero [39–41], although this argument has
its opponents as well [35,42]. This controversy arises from ﬁnite size
effects which imply that the small size of the simulation cell
suppresses long-range membrane undulations, resulting in decreased
area per lipid and a shift to the gel phase. Hence, proponents of this
argument believe that a nonzero surface tension is necessary to
maintain an acceptable area per lipid [35]. Several simulation studies
have shown that this is not entirely true [43,41,44]. Speciﬁcally,
Wohlert and Edholm [44] reported a contraction in area per lipid of
0.7 Å2 when going from 64 lipids to 1024 lipids in a simulation cell,
nowhere near the amount needed to obtain the gel phase. Regardless
of any potential ﬁnite size effects, it is unclear what effect the
introduction of a surface tension will have on protein dynamics in a
mixed biological simulation and thus, a force ﬁeld that functions in the
tensionless ensemble is preferred.
Recently, Sonne et al. [31] have proposed an alternative charge
set to be used in conjunction with the CHARMM27r force ﬁeld to
model 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC).
This new charge set is applied exclusively to the head group
atoms and leaves the hydrocarbon tails and all Lennard–Jones
parameters to be modelled by the unmodiﬁed CHARMM27r force
ﬁeld which is expected to be well deﬁned for hydrocarbons [23].
Analysis of the resulting simulations showed the new charge set to
more accurately reﬂect experimental values for area per lipid and
NMR order parameters than the original CHARMM27r force ﬁeld
under NPT conditions. This work aims to extend this approach to
two other phosphatidylcholines: 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphatidylcholine (POPC) and 1-palmitoyl-2-docosahexaenoyl-
sn-glycero-3-phosphatidylcholine (PDPC). Both bulk membrane
properties and individual atomistic effects were studied and
compared to the original CHARMM27r force ﬁeld. Over the course
of this work several membrane analysis tools were developed and
have been made publicly available (http://www.tchpc.tcd.ie/moldy).
2. Methods
2.1. Initial structures
Three lipids systems were studied: 1,2-dipalmitoyl-sn-glycero-3-
phosphatidylcholine (DPPC) [(16:0)(16:0)PC], 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphatidylcholine (POPC) [(16:0)(18:1)PC] and 1-
palmitoyl-2-docosahexaenoyl-sn-glycero-3-phosphatidylcholine
(PDPC) [(16:0)(22:6)PC], varying in the degree of saturation of the sn-
2 chain, as shown in Fig. 1. Pre-equilibrated hydrated membrane
coordinates were received, with thanks, from the Vattulainen group atitoyl sn-2 chain, POPC an oleoyl and PDPC a 2-docosahexaenoyl sn-2 chain. Throughout
ple, Cx04 refers to both C104 and C204.
640 J. Taylor et al. / Biochimica et Biophysica Acta 1788 (2009) 638–649the Tampere University of Technology, Finland [45,5,8]. These
coordinates were generated using a united atom force ﬁeld, modelling
methyl groups as single carbon based spheres. To allow for the use of
an all-atom force ﬁeld, hydrogens were added using the Psfgen plug-in
of the Visual Molecular Dynamics program (VMD) [46]. The original
simulation cells were replicated and expanded using VMD's Mem-
brane plug-in, modiﬁed to accept the new membrane coordinates.
Each simulation cell consisted of 200 lipids solvated by a 10 Å layer of
TIP3P [47] water in the z-direction only. This water layer was in
addition to the waters retained in the pre-equilibrated coordinates.
Solvation was achieved using the VMD plug-in Solvate with a solvent
boundary of 1.4 Å. Waters were removed from the centre of the
membrane and were only allowed to penetrate to the depth originally
noted in the pre-equilibrated coordinates. In order to replicate
unilamellar vesicle behaviour, as would be most relevant to further
membrane-protein simulation, membranes were solvated by approxi-
mately 80–90 waters/lipid, well above the swelling limit proposed by
Nagle and Tristram-Nagle [25]. The systems were ionised using the
VMD plug-in Autoionise to a total ionic concentration of 0.2 M using
NaCl.
2.2. Force ﬁeld parameters
All three systems were modelled using a modiﬁed version of the
CHARMM27 [48,22] force ﬁeld referred to as C27r [23] (version
c32b1), available at http://mackerell.umaryland.edu/CHARMM_ff_-
params.html. Topology ﬁles were constructed for DPPC and PDPC
based on parameters included in the original force ﬁeld, POPC having
already been deﬁned. All three systems were modelled with both the
original C27r charge set and the new charge set deﬁned by Sonne et al.
[31]. Charges were used as deﬁned in Sonne et al. [31] for DPPC and
POPC but needed to be slightly altered for PDPC as, in this case, the 4th
carbon in the sn-2 lipid tail is alkenyl as opposed to alkyl. For PDPC,
charges were modiﬁed down to C104 for the sn-1 chain but only to
C203 for the sn-2 chain (see Fig. 1 for atom names). By not altering
C204 a small surplus of charge remains. This was divided among the
remaining altered atoms as was the protocol deﬁned by Sonne et al.
[31]. Charges are deﬁned in Table 1 for all atoms having modiﬁed
charges. All other atoms carry the standard C27r charges. Topology
ﬁles for all three lipids can be found at http://www.tchpc.tcd.ie/moldy.
2.3. Simulation details
All simulations were performed using NAMD 2.6 [49]. The cutoff
radius for Lennard Jones interactions was 12 Å with a smoothTable 1
Atomic partial charges for C27r and the modiﬁed charge set
Atom Name DPPC/POPC PDPC A
C27r Modiﬁeda C27r Modiﬁeda
H1 0.250000 0.150668 " 0.152454 H
C2 −0.350000 −0.312617 " −0.310831 O
N3 −0.600000 0.243851 " 0.245637 O
C4 −0.100000 −0.191031 " −0.189245 O
H5 0.250000 0.126884 " 0.128670 C
C6 −0.080000 0.238693 " 0.240479 C
H7 0.090000 0.038553 Same 0.040339 H
O8 −0.570000 −0.485323 As −0.483537 C
P9 1.500000 1.300571 DPPC 1.302357 H
O10 −0.780000 −0.813248 " −0.811462 C
C11 −0.080000 −0.069093 " −0.067307 H
H12 0.090000 0.097951 q 0.099737 C
C13 0.040000 0.375581 " 0.377367 H
H14 0.090000 0.060207 " 0.061993 C
C15 −0.050000 0.057803 " 0.059589 H
a Based on charges provided by Sonne et al. [31].
b Where x=1 for the sn-1 chain and x=2 for the sn-2 chain.switching function starting at 10 Å and a non-bonded “pairlist”
distance of 14 Å. In all cases periodic boundary conditions were used
and the Particle Mesh Ewald (PME) method [50,51] used to evaluate
the electrostatics with grid points set no more than 1 Å apart. NAMD's
multiple-time-stepping algorithm was used, where bonded interac-
tions were evaluated every 1 fs, short range non-bonded interactions
every 2 fs and long-range interactions every 4 fs. Simulations were run
over 64 Opteron 250–2.4 GHz AMD 64 bit processors with Inﬁniband
interconnects, achieving approximately 2.2 ns/day.
2.4. System minimisation and equilibration
All systems were initially minimised using 50,000 steps of
conjugate gradients. The systems were heated for 50 ps from 0 K to
either 310 K (POPC and PDPC) or 323 K (DPPC) under NVT conditions
using Langevin dynamics with a damping coefﬁcient of 5 ps−1. The
choice of 323 K for DPPC is above the main phase transition
temperature for a DPPC bilayer of 314 K [52] and hence it was
expected that the lipid would be in the ﬂuid phase. The systems were
allowed to relax for 150 ps under NPT conditions maintaining the
Langevin damping coefﬁcient at 5 ps−1 and using a Nosé-Hoover
Langevin [53,54] piston oscillation period of 200 fs and a piston decay
time of 100 fs to maintain pressure at 1 atm. The unit cell was allowed
to ﬂuctuate anisotropically with the three orthogonal dimensions
independent of one another. Finally, the Langevin piston period was
reduced to 100 fs, the piston decay time to 50 fs and the simulation
continued until equilibrium was achieved. This was determined by
monitoring the membrane width, the simulation cell volume and the
individual cell dimensions. Total simulation time was 40 ns.
2.5. Analysis
Analysis of the resulting simulations was achieved using several
methods. Membrane width and area per lipid calculations were
accomplished using the VMD TCL scripting language. Two-dimen-
sional radial distribution function (2D-RDF) calculations were facili-
tated using the GROMACS [55] g_rdf module. All remaining metrics
were calculated using in-house C++ tools. In all cases, the membrane
was centred in the z direction prior to analysis using the average
textitz coordinates of the phosphate atoms as the centre point.
Averaged properties were calculated over the ﬁnal 15 ns of simulation,
the point at which most membranes had equilibrated. All of the
analysis tools used here are freely available at http://www.tchpc.tcd.
ie/moldy. Snapshots of the ﬁnal membrane system were generated
using VMD [46] and the provided Tachyon ray tracing library [56]. Intom Name DPPC/POPC PDPC
C27r Modiﬁeda C27r Modiﬁeda
16 0.090000 0.083016 " 0.084802
17 −0.340000 −0.475275 " −0.473489
19 −0.520000 −0.600918 " −0.599132
28 −0.340000 −0.538136 " −0.536350
x01b 0.630000 0.829360 " 0.831146
x02b −0.080000 −0.288139 " −0.286353
x02b 0.090000 0.087038 " 0.088824
x03b −0.180000 −0.015061 " −0.013275
x03b 0.090000 0.023769 " 0.025553
x04b −0.180000 0.115859 See below See below
x04b 0.090000 −0.010607 See below See below
104 −0.180000 0.117644
104 0.090000 −0.008823
204 −0.150000 −0.150000
204 0.150000 0.150000
Fig. 2.Membranewidth calculated from the average phosphorus positions. Simulations
were run at 323 K (DPPC) or 310 K (POPC and PDPC). Experimental results were
collected at 323 K for DPPC [25], at 303 K for POPC [72] and at 303 K for PDPC [63].
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modiﬁed charge set while the purple trace indicates results generated
with the C27r charge set.
3. Results and discussion
3.1. Bulk membrane properties
Typically, membrane simulations are thought to have converged
when the membrane width becomes stable. The head to head
membranewidth,DHH, can be expressed as the sumof the hydrophobic
thickness, DC, and the partial head group thickness, DH1, as shown in
Eq. (1).
DHH = 2DC + 2DH1 ð1Þ
Membrane width was calculated as the average distance between
head group phosphorus atoms in each leaﬂet, as an approximation of
DHH. The distance between maxima in the total electron density
proﬁle is often taken to deﬁne DHH, however, this value is signiﬁcantlyTable 2
Calculated bilayer properties
Method DPPC (323 K) POPC (310 K)
Area DHH 2DC Area
(Å2) (Å) (Å) (Å2)
Modiﬁeda 66.3±0.9 36.9±0.4 27.1 71.2±1.1
C27r 49.4±0.4 44.5±0.3 35.3 57.4±0.7
GROMOSb 65 36 − 68
Expt. 64c 38.3c,d 28.5c 68.3±1.5e
Averaged over the last 15 ns of simulation. Temperatures are as deﬁned in the header unles
a Charges deﬁned in Table 1.
b From Ollila et al. [8].
c From Nagle and Tristram-Nagle [25].
d Calculated as 2DC+9.8.
e From Kučerka et al. [72] at 303 K.
f From Koenig et al. [62] at 303 K.
g From Petrache et al. [63] at 303 K.
h Calculated as 2DC+(10.1±0.3).harder to monitor over time. Furthermore, recent work has shown
there to be little difference between these two values [6]. Experi-
mental values of DHH for DPPC and PDPC were calculated using a
determined value of DC and an estimate for DH1 of 9.8–10.4 Å.
Whereas, DC and DHH were determined explicitly through experiment
for POPC.
Membrane widths, plotted over the full 40 ns of simulation, are
shown in Fig. 2, along with experimental values. When compared to
experiment, a large improvement is seen for all three systems using
the modiﬁed charge set. Stability of the membrane is also improved as
widths are seen to reach a plateau value earlier in the simulation,
especially in the case of DPPC. Membrane widths averaged over the
last 15 ns of the simulations are shown in Table 2. Results generated
with the new charge set also compare favourably to a similar study
run using a united atom GROMOS based force ﬁeld [8], (Table 2), from
which our starting membrane coordinates were generously provided.
Snapshots of the ﬁnal membrane structures at 40 ns are shown in
Fig. 3. It is immediately apparent that the DPPC simulation modelled
with the C27r force ﬁeld has resulted in highly ordered domains.
These ordered domains are most commonly associated with mem-
branes below their melting temperatures (Tm) in the gel phase. The
existence of both ordered and disordered domains in the same
simulation was also observed by Leekumjorn and Sum [57] and was
referred to as a “mixed” domain phase. However, in contrast to the
current simulations, which were run at 323 K, the simulations
presented by Leekumjorn and Sum [57] were run at temperatures
below the main order–disorder transition temperature for DPPC, and
hence an ordered phasewas expected. The development of an ordered
phase above the Tm is, in this instance, indicative of a force ﬁeld
deﬁciency and has been observed in previous studies [31,58]. In
comparison, use of themodiﬁed charge set results in a fully disordered
structure, in agreement with the results of Sonne et al. [31] using the
same charge set for DPPC. Differences between the C27r and the
modiﬁed charge set for POPC and PDPC are more subtle, and are not
discernible through visualisation alone.
To further quantify the membrane structure the lipid distribution
across the width of the bilayer was examined, as shown in Fig. 4.
The value 〈Nmol(z)〉 was calculated using the average number of
non-hydrogen lipid atoms per volume slice taken perpendicular to
the membrane normal, i.e. slicing along the z-direction, divided by
the number of non-hydrogen atoms per lipid molecule, resulting in
the average number of lipid molecules as a function of z. The
resulting plot reﬂects what is seen in Figs. 2 and 3 with the
modiﬁed charge set resulting in a compression of the lipid layer in
the z direction, leading to increased interdigitation and reduction of
the “lipid trough” [59]. This effect is most dramatic for DPPC, where
the use of the C27r charge set results in a severe loss of lipid density
at the membrane centre.PDPC (310 K)
DHH 2DC Area DHH 2DC
(Å) (Å) (Å2) (Å) (Å)
35.8±0.5 26.2 69.1±0.9 38.3±0.4 28.5
42.4±0.4 31.9 60.6±0.6 42.1±0.4 32.4
34 − 71 38 −
37e 27.1e 69.2f 38.1±0.3g,h 28g
s indicated otherwise.
Fig. 3. Snapshots taken at 40 ns for DPPC, POPC and PDPCwith the C27r charge set (a) andmodiﬁed charge set (b). Images were generated using VMD[46] and the Tachyon ray tracing
library [56]. Nitrogen atoms are shown in blue, phosphorus in grey and all other heavy atoms in orange.
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width of themembrane are shown in Fig. 5. Results are reported as the
fraction of total atoms occupied by each group per slice, considering
heavy atoms only. In all three systems, use of the modiﬁed charge set
resulted in increased water penetration, leading to a larger overlap
with the carbonyl distribution. This overlap is consistent with a fully
hydrated lipid membrane and has been experimentally validated
[60,61]. An estimate of the hydrocarbon thickness (Dc) can bemade by
approximating the full-width at half maximum of the hydrocarbon
distribution [25]. This includes contributions from Cx02 to the end of
the lipid tail for both chains, including hydrogens (plots not shown).
The resulting widths are reported in Table 2 along with experimentalFig. 4. Average number of lipidmolecules as a function of distance from the centre of the
bilayer (z).estimates. Despite the small discrepancies in temperatures the values
obtained with the modiﬁed charge set correlate well with the
experimental values.
An important physical property of lipid bilayers, the area
occupied per lipid is key to deﬁning bilayer permeability, ﬂexibility
and lipid lateral diffusion. It can be determined experimentally with
relative ease and thus is a useful metric in lipid force ﬁeld validation.
However, sensitivity to experimental conditions has resulted in awide
range of reported experimental values, suggesting that correlation to
experiment should be used as guide and not a deﬁnitive measure of
success. The experimental values reported here were taken as the
most often cited. Area per lipid was calculated as the cross-sectional
area of the simulation cell divided by the number of lipids per leaﬂet.
Time dependent results over the entire 40 ns simulations are shown in
Fig. 6 and values averaged over the last 15 ns in Table 2. In all cases,
the area per lipid for the modiﬁed charge set lies closer to the
experimental value than that obtained with the C27r charge set. The
experimental value taken for comparison with the PDPC simulations
was collected for (18:0)(22:6)PC (1-stearoyl-2-docosahexaenoyl-sn-
glycerol-3-phosphatidylcholine) [62] as no experimental value was
available for PDPC, (16:0)(22:6)PC. Based on the work of Petrache
et al. [63], it can be assumed that there is little difference between
the two values. The values for the modiﬁed charge set also compare
favourably to work using the united-atom GROMOS based force ﬁeld,
results of which are shown in Table 2. Surprisingly, Sonne et al. [31],
who deﬁned the new charge set for DPPC used in this study, reported
a value of 60.4 Å2 for DPPC under nearly identical conditions. This
discrepancy may be linked to a lower level of hydration (29 versus
80–90 water/lipids), a shorter simulation time (14 ns versus 40 ns) or
to differences in starting structures.
It is important to note the synergy between the aforementioned
physical parameters with a view to accurate membrane simulation.
Increased area per lipid allows the hydrocarbon tails to move more
freely, thus, precluding the development of the “ordered” phase. By
allowing the tails to move more freely an increase in leaﬂet
interdigitation is observed resulting in a compression of the hydro-
carbon thickness. Furthermore, an increase in area per lipid allows for
increased water penetration allowing the hydrophilic head group to
become fully saturated. All of these cooperative effects are observed
when the new charge set is implemented.
Fig. 5. Atomic distribution as a function of membrane width or z, reported as the fraction of total atoms within a volumetric slice for the C27r charge set (top row) and the modiﬁed
charge set (bottom row).Only heavy atoms were used in the calculation. Choline was deﬁned by NC3 and water only by O.
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To further assess the impact of the new charge set on lipid
behaviour, individual group and atom properties were studied. A
number of vector quantities were derived in order to quantify the
positions and directionality of the head group atoms. The angular
distribution of the P to N vector with respect to the outwards bilayer
normal, as shown in Fig. 7a, was seen to shift to smaller angles with
the modiﬁed charge set. In all cases, the distribution shifts by
approximately 7°, from 73° to 66°, resulting in a slightly more upright
head group. Experimental estimates of 72° [64] and simulation values
of 73° [65] and 78° [8] lend little insight as to whether a more vertical
conformation is preferred. The angle between atoms N, P and C13 wasFig. 6. Area per lipid, calculated by dividing the cross-sectional area of the simulation
cell by the number of lipids per leaﬂet. Simulations were run at 323 K (DPPC) or 310 K
(POPC and PDPC). Experimental results were collected at 323 K for DPPC [25] and at
303 K for POPC [72]. A value of 69.2 Å2 [62] was determined for (18:0)(22:6)PC at 303 K
and can be used for comparison to PDPC, (16:0)(22:6)PC.calculated, Fig. 7b, in order to help to clarify the results of the P to N
angular distribution. In all cases, use of themodiﬁed charge set led to a
Gaussian distribution centred at 114° whereas the original C27r charge
set exhibited a bimodal distribution with a shoulder peak at 80° and
main peak at 114°. Use of the modiﬁed charges seems to minimise the
occurrence of contracted head group conformations leading to, on
average, a more extended conformation. This is possibly a result of the
reduced electrostatic attraction between the P and N atoms. In the
original C27r charge set the choline group carries a +1 charge and the
phosphate group a −1 charge. With the new charge set the charges
are +0.74 and −0.83 for choline and phosphate respectively, reducing
the P–N dipole. This will reduce the attraction between neighbouring
lipid headgroups, extending the Ni to Pi +1 interaction distance and
allowing the choline group to extend further into the aqueous phase.
This scenario is illustrated in Fig. 8.
The angular distribution of the glycerol backbone vector (C11 to
C15) with respect to the inwards bilayer normal also experienced a
small shift in distribution, going from approximately 45° using C27r to
51° with the modiﬁed charge set (data not shown). This compares
favourably to a value of 48°±3° determined from the GROMOS based
study [8]. Moving down the lipid backbone, the angular distribution of
the vector between the start of the two hydrocarbon chains, C101 to
C201, with respect to the outwards bilayer normal is shown in Fig. 7c.
Use of the modiﬁed charge set results in a shift of the distribution
towards 90°, indicating that the tops of the hydrocarbon chains are
aligned in the z-plane. This is indicative of the relaxed ﬂuid phase. In
contrast, use of the original charge set for DPPC resulted in a bimodal
distribution shifted towards lower angles, indicating that the carbonyl
groups of the two tails were not aligned in the hydrophilic layer. This
effect is also seen in Fig. 5 where a side peak is noticeable in the
carbonyl distribution for DPPC with the C27r charge set. This peak
arises from the rigid conformation of the ordered phase which forces
C101 further into the hydrophobic layer than C201.
In order to examine the behaviour of individual atoms in the head
group region, 2-dimensional RDF plots were generated for N, P and
C13 atoms (each with respect to themselves), as shown in Fig. 9. Only
lateral distributions (xy plane) were considered in order to clearly
illustrate the impact of the variable area per lipid. Of all of the charge
modiﬁcations made, these three atoms experienced the largest
change. Extension of the head group into the aqueous layer serves
to decouple its movements from the underlying hydrocarbon layer.
Thus, the impact of any hydrocarbon ordering is felt to a lesser extent
further from the bilayer centre. Starting with the choline group,
Fig. 7. Head group properties for the C27r charge set (dashed line) and the modiﬁed charge set (solid line). (a) Angular distribution of the P to N vector with respect to the outwards
bilayer normal. (b) Distribution of the angle formed between atoms N, P and C13. (c) Angular distribution of the vector between the start of the lipid tails, C101 to C201, with respect to
the outwards bilayer normal. Atom types are shown in blue(N), red(O), grey(C) and orange(P).
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towards longer coordination distances seen when using the modiﬁed
charge set. This effect is seenmost strongly for DPPCwhereas for PDPC
there is little difference between the two charge sets. The P to P
distributions are slightly less subtle, being closer to the hydrocarbon
layer, and show a reduction in order at longer distances with the
modiﬁed charge set. There is also a reduction in peak maxima and a
quicker convergence to g(r)=1, indicating a lack of order. The location
of C13 at the branching point of the two hydrocarbon tails makes the
C13 to C13 distributions more sensitive to hydrocarbon ordering.
Results in Fig. 9 for C13 show evidence of ordering in the distribution
for DPPC with the C27r charge set. Two peaks are seen at short
coordinations distances, reﬂective of tight hydrocarbon packing. Use
of the modiﬁed charge set shifts the distributions to larger values
dramatically for DPPC and to a lesser extent for POPC and PDPC.Fig. 8. Schematic of differences in P–N dipoles. A stronger P–N dipole (left) results in a
shorter Ni to Pi+1 distancewhile aweaker P–N dipole (right) results in a longer Ni to Pi+ 1
distance.Overall, use of the modiﬁed charge set results in a reduction of peak
maxima and a shift of distributions to longer coordination distances,
both indicative of a reduction in order.
3.3. Hydrocarbon chain properties
Although the majority of the charge modiﬁcations were made in
the head group, atom Cx04 experiences a signiﬁcant change in charge
when compared to the original C27r force ﬁeld. Sonne et al. [31] have
shown that this modiﬁcation was essential to reproducing accurate
membrane behaviour for DPPC. Thus, the following analysis of chain
behaviour attempts to explore this requirement.
The relative order of the hydrocarbon tails can be quantiﬁed using
deuterium order parameters, SCD. These are obtained experimentally
via NMR with both selective [66,67] and full [68] deuterium exchange
along the lipid tail. They can be calculated from simulation [4] using
Eq. (2) where cosθ is the angle between the Ci–H bond vector and the
bilayer normal for each carbon along the hydrocarbon tail.
S ið ÞCD =
1
2
h3 cos2 θi−1i ð2Þ
Simulation values are shown in Fig. 10 along with experimental
results. A larger value of −SCD indicates a higher degree of order.
Experimental results for POPC sn-2 and PDPC arose from dePaked
NMR spectra and may not be valid in the low carbon region (i.e. Cx02
to Cx06) [69]. Assignment of dePaked spectra assumes a monotonic
decrease of order parameters down the carbon chain resulting in a
smooth spectra with a plateau in the low carbon region. This method
Fig. 9. 2D Radial distribution functions, g2D(r), for N, P and C13 atoms modelled by the C27r charge set (purple or grey) and the modiﬁed charge set (black). Only the xy-plane is
considered in the calculation.
Fig. 10. Deuterium order parameters. Experimental results were collected at 315 K for
DPPC [66], at 315 K for POPC sn-1 [66], at 300 K [73] and 303 K (shown as left triangles)
[74] for POPC sn-2, extrapolated to 310 K for PDPC sn-1 [42] and at 303 K for PDPC sn-2
[42]. Experimental results for POPC sn-2 and PDPC arose from dePaked NMR spectra.
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of the glycerol group, leading to systematic errors in this region. Thus,
comparison to experiment in this region using dePaked spectra is
somewhat misleading.
In all cases, use of the modiﬁed charge set resulted in a signiﬁcant
improvement yielding simulation order parameters in good agree-
ment with experimental results. Results for DPPC were the most
pronounced with use of the C27r charge set resulting in highly
ordered hydrocarbon tails while the modiﬁed charge set led to a more
ﬂuid state. Parameters obtained with the modiﬁed charge set
correlated well to experimental results for Cx05 to Cx16 but were
slightly underestimated for Cx02 to Cx04, i.e. less ordered than
predicted. This same effect was seen in the work of Sonne et al. [31]
under similar conditions and by Rosso and Gould [70] for DMPC,
[(14:0)(14:0)PC], using the Amber GAFF [32] force ﬁeld under NPT. The
implications of this increased disorder are unknown. Surprisingly,
results collected from a similar simulation using a ﬁxed surface
tension (NPγT) [31], were seen to correlate well with experimental
results. It is possible that the increased strain of the NPγT ensemble
does not allow the membrane structure to fully relax thereby
maintaining a false degree of order. If this is the case, one can assume
that the strain of this ensemble would also adversely affect protein
dynamics if used in a mixed biological simulation. This makes the
need for a valid tensionless all-atom lipid force ﬁeld even greater. The
current modiﬁed charge set makes some progress towards achieving
this goal.
Similar results are seen for the sn-1 chains of both POPC and PDPC.
Once again, carbons closer to the head group appear overly
disordered. This result was seen by Huber et al. [42] for PDPC but
not for POPC, when using the CHARMM27b5f force ﬁeld under the
NPγT ensemble. Jójárt and Martinek [34] reported overly ordered
results using the Amber GAFF force ﬁeld under NPT and accurate
results under the NPγT ensemble, for POPC.
The sn-2 chain appears to be well represented by the modiﬁed
charge set, for both POPC and PDPC, with regions of low order
occurring between alkene groups. A reduction in order is seen for
POPC putting results in line with the sparse experimental ﬁndings and
closer to results seen with united atom force ﬁelds [8]. One issue of
contention for the POPC sn-2 chain is the placement of the alkene dip.
646 J. Taylor et al. / Biochimica et Biophysica Acta 1788 (2009) 638–649Current results place this dip at C209 using the modiﬁed charge set
and at C210 using C27r (although the difference is small). Huber et al.
[42] places this dip at C209 using CHARMM27b5f under the NPγT,
Ollila et al. [8] place it at C210 using an united atommodel under NPT,
Jójárt and Martinek [34] report it at C209 using GAFF under both NPT
and NPγTand experimental results place it at C210. It is unclear where
it should actually be, although arguments have been made for both
locations. The sn-2 chain of PDPC is relatively unchanged by the
application of the new charge set. The high number of double bonds in
this tail implies a highly disordered conformation will be obtained,
regardless of the charge set used. Similar results were seen by Huber
et al. [42] and Ollila et al. [8], with a large dip at C206–C207 followed
by a region of increasing disorder.
The many references to simulation and experimental results in the
preceding paragraphs serve to illustrate the wide range of results seen
under approximately similar conditions. This begs the question as to
where the current results ﬁt into this range. Overall, despite individual
atom discrepancies, the general order of the lipid tails has improved
with implementation of the new charge set.
To quantify the general movement of the lipid tails, the angular
distribution of the tail vectors (vector from Cx01 to the terminalFig. 11. Angular distributions of the hydrocarbon vectors for the C27r charge set (dashed line
lipid tail for each of the sn chains. Angle takenwith respect to the positive x-axis (a) and with
as reported by Ollila et al. [8] for a GROMOS based simulation (dotted line). For DPPC, POPC a
chain, respectively. (c) Distribution of the angle down the sn tails. Angles are taken between
for POPC sn-2 and between atoms C204–C213–C222 for PDPC sn-2. Results for DPPC sn-1 and
(C) and orange(P).carbon) was calculated with respect to x, y and z. For x and y, the
angle was calculated between the vector and the positive axes only,
while for the z direction the angle was calculated with respect to the
inwards bilayer normal. Starting with the x direction, DPPC with the
C27r charge set shows a bimodal distributionwith peaks either side of
90°, Fig. 11a. This indicates tail directionality and is evident in ﬁnal
snapshots of Fig. 3. The bimodal distribution is indicative of the “tilted
ordered” phase [57] where the lipid tails align in a single plane across
the entire width of the bilayer including both leaﬂets. The develop-
ment of this phase would explain the continuous drift in membrane
width seen for DPPC, as the lipids continue to re-arrange, forcing the
leaﬂets further apart. Use of the modiﬁed charge set shifts the
distribution to a Gaussian centred at 90°, as would be expected for a
lipid in the disordered phase. The tilted phase, in this case, is manifest
predominately in the x direction as only a single narrow peak is seen
in the y distribution (data not shown). For POPC and PDPC there is no
evidence of lipid directionality developing within the time frame
studied. In all cases, both for x and y references, use of the modiﬁed
charge set serves to broaden the observed angular distributions. This
is most likely the effect of an increased area per lipid which allows the
tails to move more freely in the hydrophobic layer.) and the modiﬁed charge (solid line). Vectors are calculated from Cx01 to the end of the
respect to the inwards bilayer normal (b). Included in (b) are the most prevalent angles
nd PDPC these were 27°, 25° and 24° for the sn-1 chain, and 26°, 30° and 30° for the sn-2
atoms Cx04–Cx10–Cx16 for DPPC and all sn-1 chains, between atoms C204–C211–C218
sn-2 are shown in the same plot, top left. Atom types are shown in blue(N), red(O), grey
Fig. 12. 2D Radial distribution functions, g2D(r), for Cx04, Cmiddle and Clast using the C27r charge set (purple or grey) or the modiﬁed charge set (black). Cmiddle is C110 and C210 for
DPPC, C110 and C211 for POPC and C110 and C213 for PDPC. Clast is C116 and C216 for DPPC, C116 and C218 for POPC and C116 and C222 for PDPC. Only the xy-plane is considered in the
calculation.
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vertical nature of the lipid tails. From the snapshots in Fig. 3, a vertical
distribution is expected for DPPC with the C27r charge set and this is
conﬁrmed in Fig. 11b. All three lipids exhibit a shift in angular
distribution to larger angles with the new charge set indicating that
the lipid tails adopt a more splayed stance. This has the consequence
of decreasing membrane width by allowing the leaﬂets to approach
each other more closely, in turn, increasing the cross-sectional area
occupied by a single lipid. Both of these effects were observed earlier.
Results with the new charge set correlate well with simulation results
from the GROMOS based study [8] which are shown as vertical lines
representing the most prevalent angles in Fig. 11b.
The angle adopted by the lipid tails, deﬁned by Cx04–Cmiddle–Clast,
was calculated to give an indication of overall tail kink. The resulting
plots, shown in Fig. 11c, show that, in general, tail kink is increased
with the new charge set. A signiﬁcant change is seen for DPPC when
comparing the two charge sets, as would be expected given the
vertical nature of the tails seen in Fig. 3 for the C27r charge set.
Increased tail kink corresponds to an increased cross-sectional area
and is a move towards a fully disordered state.
To lend insight as to individual atom environments, 2D-RDF plots
were generated for Cx04, Cmiddle and Clast, going down the individual
lipid tails. The resulting plots and deﬁnitions of “middle” and “last” are
shown in Fig. 12. In most cases, use of the modiﬁed charge set resulted
in reduced maximum intensities and reduced order at longer
distances. DPPC is, as expected, the most extreme case with signiﬁcant
amounts of order seen at Cx10 when using the C27r charge set. This
was expected based on visual inspection and on the order parameters
seen in Fig. 10. Use of the modiﬁed charge set shows reduced order for
all three atoms and for both chains of DPPC. This effect is less
pronounced for POPC, although a reduction of order is seen both at
Cx04 and Cmiddle particularly for the sn-1 chain. RDFs for Clast of POPC
were relatively insensitive to changes in the charge set. This is an
indication of both the disorder expected at the end of the hydrocarbon
tail and the disorder introduced by the alkenyl group of the sn-2 chain.
Similarly, only the sn-1 chain of PDPC shows improvement when
using the modiﬁed charge set as might have been predicted
considering the similarity of the sn-2 order parameters for PDPCshown in Fig. 10. In this instance, the high degree of unsaturation in
the sn-2 chain mandates that the chain adopts a highly kinked and
rigid structure. This enforces a higher degree of disorder in the
neighbouring sn-1 chain, regardless of the charge set used.
Both the 2D-RDF and deuterium order parameter results indicate
that use of the modiﬁed charge set reduces order in the sn-1 chain for
all three lipids, while only making a signiﬁcant impact on the sn-2
chains of DPPC and POPC. While considered separately in the previous
analysis, the interdependence of the two chain behaviours should not
be overlooked. Improvement in even one of the chains is sufﬁcient to
positively impact both the dynamics of the second chain and the
overall membrane behaviour.
4. Conclusions
Following the work of Sonne et al. [31] we have extended and
implemented a new charge set for a series of PC lipids, resulting in
dramatic improvements in bulk lipid parameters. While the new force
ﬁeld does not adhere to the traditional CHARMM parameterisation
strategy the clear improvement seen in lipid behaviour indicates that
this new model may be used to simulate a membrane environment
without the need for extensive force ﬁeld development. This being
said, some of the shortcomings of the current model may be
ameliorated through full optimisation of the head group atoms
including an examination of torsional potential energies.
All three lipids studied, DPPC, POPC and PDPC, exhibited
experimentally valid bilayer behaviour. Both membrane width and
area per lipid were seen to converge to experimental values relatively
rapidly. The increased area per lipid induced by the modiﬁed charge
set enabled increased water penetration, allowing the carbonyl group
to become fully hydrated. Head group atom properties were seen to
become more uniform with the modiﬁed charge set, indicating a
more ﬂuid and relaxed state. The biggest improvement, however, was
seen in the behaviour of the hydrocarbon tails. All three lipids
displayed increased hydrocarbon disorder across the width of the
bilayer when using the modiﬁed charge set as indicated by reduced
deuterium order parameters. Disorder was slightly over-estimated in
the low carbon region, the implications of which are unknown. In
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conformations and ultimately adopt a more splayed and kinked
conformation. Recent work has hi-lighted the impact of double bond
parameterisation on both qualitative and quantitative membrane
behaviour [71]. In the current model the CHARMM force ﬁeld treats
each double bond as a similar unit, regardless of its position within
the hydrocarbon tail. It is likely that this simplistic approach is not
sufﬁcient to replicate experimental membrane behaviour. Further
reﬁnement of the alkenyl group parameters may serve to improve the
localised behaviour of the hydrocarbon tails.
Our analysis shows that charge set selection is of critical
importance to reproducing accurate membrane behaviour. In parti-
cular we have shown that the new charge set results in a signiﬁcant
improvement in bulk membrane properties over the original
CHARMM27r charge set for all three lipids, implying that it may be
applied as a general charge set for all phosphatidylcholines. This
improvement allows us to extend our work to mixed biological
systems and tensionless NPT ensembles, which was previously not
possible.
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